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SUMMARY

1. Suspensions of membrane vesicles were prepared by sonication of dark-adapted
frog rod outer segments. The pH was adjusted to one of twelve values between 5-0
and 9-8; the temperature was 15 °C. Each preparation was exposed to a single yellow
flash of 120 us duration, and rapid and slow changes of absorbance were measured
at 475 nm wavelength.

2. Rapid changes consist of a transient rise followed by a diphasic decay to a new
level of absorbance which is lower than that before the light exposure. The level of
absorbance reached at the end of the rapid changes is lower at lower pH.

3. Kinetic analysis reveals that three reactants take part in the rapid reactions,
viz. metarhodopsin I and two isochromic forms of metarhodopsin II named meta-
rhodopsin I1” and metarhodopsin I1”. The kinetics of the reversible transition from
metarhodopsin I to metarhodopsin II” are not measurably influenced by the pH
of the medium. However, the reversible reaction of metarhodopsin 11" with meta-
rhodopsin I1” is dependent on pH because metarhodopsin I1” is encountered either
as a protonated or as a deprotonated compound.

4. Slow reactions are due to metarhodopsin I and to metarhodopsin 111. A
combined quantitative analysis of both rapid and slow reactions involves a reversible
reaction between metarhodopsin II” and metarhodopsin I1I and a hydrolysis of
metarhodopsin I1” to retinal and opsin. The scheme employed accounts for the pH
dependence of all equilibria although only one of the metarhodopsins reacts directly
with protons.

INTRODUCTION

The metarhodopsins are unstable intermediates which occur in the bleaching
sequence of rhodopsin. According to spectroscopic and Kkinetic evidence. three
metarhodopsins can be distinguished from one another. Metarhodopsin I (MR I) and
metarhodopsin II (MR II) are involved in rapid thermal reactions. and their
absorbance peaks at 482 nm and 385 nm wavelength, respectively (Matthews.
Hubbard, Brown & Wald, 1963). Metarhodopsin 111 (MR III) has absorptive
properties similar to those of MR I but it reacts more slowly (Reuter, 1976).

Thessignificance ofthe metarhodopsins for visual transduction and visual adaptation
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is still unclear. Studies on the kinetics of the metarhodopsins may provide a means
for assessing their physiological relevance. These kinetic studies were mostly confined
to either an analysis of the rapid reactions alone (i.e. on a millisecond time scale) or
to an analysis of the slow reactions alone (i.e. on a minute time scale). In a recent
publication the two types of analysis were combined and led to evidence of the
equilibrium between MR I and MR 11 in the frog retina (Baumann, 1978).

In the present study rapid and slow reactions of the metarhodopsins were examined
at different pH. The influence of protons upon the MR I — MR II transition has been
known since the first detailed description of this reaction was published by Matthews
et al. (1963). Recently, Chabre & Breton (1979) demonstrated a reversal of MR 111
to MR II at low pH. Alkalinity, on the other hand, favours the formation of MR I11
(Bowmaker, 1973). These findings suggest that the MR I — MR II transition is not
the only pH-dependent equilibrium in the sequence of the meta intermediates.
Quantitative analysis of our results has confirmed this view to the extent that the
kinetics of the metarhodopsins are, in fact, best described as a system of equilibrium
reactions. There is, however, but one step in which protons are directly involved, and
all pH effects observed are consequences of this very rapid reaction.

In a study on pH effects the rhodopsin molecules should be readily accessible to
the protons of the surrounding medium. Therefore, the experiments were carried out
with suspensions of rod membranes rather than with intact rods where the plasma
membrane could give rise to a difference between the intracellular pH and the
experimentally modified pH of the external buffers (cf. Walker & Brown, 1977).

METHODS

Preparation and sonication of rod outer segments. Frogs (Rana esculenta) were dark-adapted for 12 h,
and all steps of the preparation were carried out in dim red light. The animals were killed, and
their eyes were removed. The eyeballs were hemisected at the equator, and the retinae were floated
out of the eye cup in a buffered saline solution (see below). Eight retinae were collected in a 5 ml
centrifuge tube, and a small volume of 40 % sucrose solution (equal to the volume of the retinae)
was added. The retinae were centrifuged at 4500 g for 30 min. The supernatant was discarded, and
the sedimented retinae were ground with a glass rod against the walls of the tube and mixed with
1-5 ml sucrose solution. This suspension was layered under buffered saline solution and centrifuged
at 24.500 ¢ for 45 min. Rod outer segments, aggregated at the interface between the sucrose and
the buffer (Saito, 1938), were collected with a small pipette, washed and eventually suspended in
0-7 ml of cooled and buffered saline solution. Ultrasonic irradiation was applied to this suspension
for 10 s (Branson B12 sonifier, horn tip diameter 3 mm, energy output 209, of maximum).
Sonication was accompanied by a temperature rise but the temperature of the suspension never
exceeded 20 °C'. The pH was measured after sonication with a small glass electrode dipped into the
freshly made suspension of membrane vesicules. According to an electron microscopic test (negative
contrast with ammonium molybdate). the mean diameter of the vesicles was about 70 nm.
Spontaneous sedimentation of these particles was not observed during the experiments. The
suspension was transferred into a cuvette with a capacity of 0-5 ml and a depth (optical path-length)
of 5 mm. The temperature was kept constant by a thermostatically controlled cooling system. The
temperature was measured inside the cuvette by means of a thermistor. All experiments were
carried out at 15 °C'.

Suspending medium and buffers. The ionic medium used in all steps of the dissection and isolation
procedure contained NaCl (50 mm). KCl (37 mm) and one of the following buffers:
NaH,P0,/Na,HPO, in the range of pH 5 to pH 8 or Na,P,0,/HCI for pH higher than 8. The
osmolarity of the buffers was 0-048 osmol. The content of Na* and K* in the medium was modelled
on the ionic composition found by Hagins & Yoshikami (1975) in frog rod outer segments.
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Spectrophotometry and bleaching. The spectrophotometer consisted of two separate systems with
a common sample compartment. One system was designed for the study of rapid absorbance
changesand issimilar to the instrument described in Baumann (1976). Itsessential partisa flash-gun
supplyving brief, intense flashes from a xenon-filled discharge tube. Ultraviolet radiation and the
shorter visible wavelengths of the flash were absorbed by a yellow glass filter (Schott OG 530/3 mm).
A single vellow flash bleached 20-30°, of the rhodopsin. The photomultiplier of this system was
protected by a flash-blocking filter (Schott DEKIF special 494). The measuring wavelength was
475 nm. and the frequency response of the measuring system ranged from d.c. to 55 kHz (—3 dB).
After analogue-to-digital conversion, the rapid signals were stored in a small computer.

The other system was a dual-wavelength spectrophotomer designed for the recording of very slow
absorbance changes where the reduction of drift was essential. For this purpose the preparations
were alternately exposed to the measuring wavelength (475 nm) and to a reference wavelength
(669 nm). the latter being feebly absorbed by rhodopsin. These monochromatic beams were formed
by two interference filters illuminated by a d.c.-driven iodine lamp and mounted on a filter wheel.
The wheel rotated at a speed of ten revolutions per second and, at this rate, an electronic network
formed a voltage proportional to (k—log 7,;5). The quantity 7,,; is the transmission of the
preparation at 475 nm: k may be considered as constant so long as two conditions are met: (i) the
absorbance of the preparation does not measurably change at 669 nm wavelength: (ii) any
fluctuation in the light emission of the lamp or in the sensitivity of the system affects the two
wavelengths in proportion to their intensity. Slow absorbance changes vs. time were monitored with
a pen recorder. The frequency response of the slow system was limited to < 0-1 Hz by an active
low-pass filter.

In both systems photomultipliers with 51 mm diameter end-on photocathodes were used. The
diameter of the cylindrical cuvette was only 10-5mm. allowing all light scattered forward to be
collected by the large windows of the multipliers. The cuvette was placed in one of two positions:
for pre-flash recording and registration of slow absorbance changes the cuvette was in the optical
pathway of the dual-wavelength spectrophotometer and was placed next to the window of an EMI
9658 R photomultiplier. For the flash and immediately afterwards. when the rapid changes were
toberecorded. the cuvette wasshifted by hand momentarily to a position in front of the flash-blocking
filter for the second multiplier (EMI 9634 QR). More details about the timing in the experiments
may be found in the Results section.

RESULTS
Recording of rapid and slow absorbance changes

Two spectral regions are appropriate for the study of the MR I-MR 11 transition:
the near-ultraviolet (wavelength ~ 380 nm) and the visible wavelengths around
480 nm. In the former region the formation of MR II dominates the spectral changes
while in the latter the formation and the decay of MR I can be recorded. Recordings
at the wavelength 475 nm are the basis of the present study because here the rapid
decay of MR 1to MR II can be followed without interference from other intermediates.
The more complex situation at the wavelength 380 nm was analysed in a previous
study (Baumann. 1976). Flash bleaching was carried out 2 or 3 h after beginning the
preparation when the absorbance of the suspension had reached a stable level (cf.
Fig. 2). A typical recording of rapid changes following the flash is shown in Fig. 1.
The flash causes a fast initial rise followed by a much longer decay. The rise is due
to the transition of rhodopsin to MR I. Precursors of MR I are too short-lived to be
seen and kinetic details of the MR I formation cannot be resolved by the recording
system. Experiments with somewhat better temporal resolution revealed completion
of the MR I formation within about 100 ps. Details of the MR I decay are considered
in a separate section below.

The initial increase in absorbance depends on the ratio of absorbance coefficients
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of rhodopsin and of MR I at the measuring wavelength. From the data of Hubbard,
Brown & Kropf (1959) for the frog and from the known absorbance spectrum of
rhodopsin, this ratio can be estimated to be 1-24 at 475 nm wavelength. As the decay
of MR 1 is significantly slower than its formation, little MR I will decay during the
rapid rising phase in the recordings. Accordingly, at least a 209, increase in
absorbance (i.e. increase with respect to the absorbance of rhodopsin) could be
expected. The increase amounts to 40 9, however, rather than to 20 %,, if the pre-flash

002 (AA)
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Fig. 1. Rapid absorbance change (A4) in a suspension of membrane vesicles from frog rod
outer segments following the exposure to a strong yellow flash (arrow). Flash duration
120 us; measuring wavelength 475 nm; pH 8-7.

level in Fig. 1 is compared with the level after 30 ms and if this absorbance loss is
used as a reference for the initial rise. It should be noted that the final level of
absorbance appearing stable on the millisecond scale of Fig. 1 is not stable on a minute
scale. Fig. 2 shows that the absorbance changes occurring after the flash continue
for another 200 min or longer. Before this time no stable level of absorbance is reached
corresponding to zero concentration of all intermediates. The initial increase of
absorbance amounts to about 20 9%, with respect to this final level.

Slow changes of absorbance at 475 nm wavelength were measured according to the
following schedule. Before the application of the bleaching flash a minimum period
of 2 or 3 h was required until a slow drift of the signal became sufficiently small. In
Fig. 2 this drift was 0-003 units of absorbance during the last hour before the flash.
Values up to 0005 were tolerated, and no corrections were made to compensate for
this small error. The drift is presumably a consequence of the exposure of the
preparations to red light during the dissection and setting-up procedures.

At the end of the pre-flash period the cuvette was momentarily positioned within
the beam for the rapid reactions, and recordings as shown in Fig. 1 were made. The
measurements of slow changes were continued about 10 s after the flash. This time
was required for the low-pass filter to recover and is marked in the recordings by a
big spike. Subsequently, the absorbance rises and approaches a maximum after about
5 min. The final part of the recording consists of a slow exponential decay. After about



pH AND THE METARHODOPSINS 351
200 min no further changes occur, and the final stable level of absorbance can be used
to define the base line corresponding to zero concentration of the rhodopsin
intermediates.
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Fig. 2. Slow changes of absorbance in a suspension of membrane vesicles before and after
exposure to a strong bleaching flash. The left arrow marks the end of the pre-flash period,
the right arrow corresponds to the beginning of the post-flash period. Rapid changes (Fig.
1) were recorded during the interval between the arrows. Measuring wavelength 475 nm;
recorder speeds as indicated; pH 87. Full scale of the ordinate corresponds to 0-2 units
of absorbance. The stable level of absorbance reached after about 200 min defines the base
line (BL). The spike at the begin of the pre-flash period is due to the slowly recovering
low-pass filter. Same experiment as in Fig. 1.

Evaluation and pH dependence of the MR 1 (concentmtion at equilibrium

Fig. 2 clearly shows that the slow reactions recorded after the flash start at a level
which is different from zero. The data are normalized with respect to the pre-flash
level as 1 and the final base line as zero. In the experiment shown, the starting point
of slow changes is 042. It should be remembered that two intermediates of rhodopsin,
i.e. MR I and MR III, appreciably absorb light of 475 nm wavelength. The formation
of MR III is very slow, however, and, immediately after the flash, the concentration
of MR III is negligible, so that the following equation holds (Baumann, 1978):

Ayzs = (emr 1/6r) [MR I]. (1)

A5 is the absorbance at 475 nm, normalized according to the total change at this
wavelength; [MR I] is the relative concentration of this intermediate (i.e. concen-
tration in proportion to the amount of rhodopsin bleached), and the ¢ values denote
the respective absorbance coefficients of MR I and of rhodopsin (R) at 475 nm. The
ratio of the two absorbance coefficients in eqn. (1) is known to be 1-24 (cf. p. 350).
Therefore, at the starting point of slow reactions in Fig. 2, the relative concentration
of MR I amounts to 0-42/1-24 = 0-34. This figure is the MR I concentration after
virtual completion of the rapid reactions (cf. Fig. 1) and it represents an equilibrium
in which MR I is one of the reactants.

The kinetics of both rapid and slow reactions are strongly influenced by the pH
of the medium. The concentration of MR I at the end of the rapid changes decreases
with decreasing pH. This is the expected behaviour as from earlier findings it is known
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that the equilibrium between MR I and MR 11 is pH dependent and that low pH
favours the formation of MR 11 (Matthews et al. 1963). Fig. 3 illustrates the non-linear

relationship between MR I at the rapid equilibrium and pH. The data are fitted by

a curve calculated from 1

MR I]eq = Zb[HT]’ (2)

where the constants a and b are 22 and 4:5 x 108, respectively. Fig. 3 resembles a
titration plot but, unlike the conventional dissociation curve, which eventually
approaches 1, the present curve levels off at about 0-45. It will be shown below that
a and b are not merely empirical constants but can be defined within the framework
of a kinetic model.
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Fig. 3. Relative concentration of metarhodopsin I (MR 1) calculated from eqn. (1) and

plotted vs. pH of the medium (symbols). The curve represents eqn. (2) with constants
a=22and b=45x108%

Kinetic analysis of the rapid reactions

A model for the rapid reactions must first of all explain the behaviour of MR I at
equilibrium as described in Fig. 3. In addition, it must be compatible with the
observed kinetics of the MR I-MR 11 transition. This reaction was previously treated
as a reversible first-order process (Baumann, 1976, 1978). The experiments at
different pH. however, revealed a more complex picture and led us to the following
model:

kl2 k?il
MR I=MR II'=MR II".

ka1 k32

The scheme consists of two consecutive reactions, the reactants being one meta-
rhodopsin I (MR I) and two isochromic forms of metarhodopsin 11, here named MR 11
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and MR II”. These two intermediates are assumed to have identical, or very similar,
absorbance spectra, and their presence is inferred from their different kinetics. The
existence of isochromic metarhodopsins was repeatedly postulated in the literature
(cf. Knowles & Dartnall, 1977), and Emrich & Reich (1974) put forward a model with
an equilibrium reaction between two isochromic forms of metarhodopsin I1. The ks
in the scheme are, at this stage of the analysis, treated as first-order rate constants.
This may appear inadequate if the proton uptake during the MR I-MR 11 transition
is remembered (Falk & Fatt, 1966). However, this simplification led to the final
solution of the present analysis and must be described in some detail.
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Fig. 4. Kinetics of rapid absorbance changes. Data points are from an experiment carried
out at pH 9-4. The curves represent eqn. (A 1) (for MR I). eqn. (A 2) (for MR I1’) and eqn.
(A3) (for MR II"), respectively, with the parameters k;, =558s71, k, = 74657,
kyy = 170 s7! and ky, = 180 s71.

Kinetic equations derived from the model may be found in the Appendix. Loss of
MR I during its rapid formation from precursors was ignored, and the reactions were
assumed to start at the MR I stage (i.e. MR I = 1 at the time ¢ = 0). Accordingly,
the data were normalized with respect to the sharp peak occurring a few hundred
microseconds after the flash (Fig. 1). The normalization took into account that MR I
approached an equilibrium concentration after some 20 or 30 ms and that this
concentration is given by the data shown in Fig. 3. Numerical values for the rate
constants were determined with the aid of a computer program designed for non-linear
regression analysis and based on Marquardt’s algorithm (Marquardt, 1963 ; Robinson,
1977). Sets of fifty-five or seventy-three data pairs together with eqn. (A 1) were used
to estimate the k values by minimizing the sum-of-squares function. All computations
converged after some twenty-five iterations. The quality of fit that can be achieved
may be assessed from the upper curve and the data points in Fig. 4. Confidence limits
for the parameters (rate constants) of the experiment shown were as follows: k,,,
T12%; kyy, £27%; kog, £50%; kge, £239%, (for details see Robinson, 1977).

Fig. 4 shows details of the double equilibrium at pH 9-4. Two exponentials are
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required for an adequate description of the MR I behaviour (upper curve). The first
and more rapid decay has a mirror image in the formation of MR II” which, in its
rising part, is equally rapid and then runs through a maximum (middle curve). The
formation of MR I1” is somewhat slower and is described by a sigmoid-shaped
function (lower curve). It should be noted that, at 380 nm, the rise of absorbance due
to the formation of the metarhodopsins 11 would be proportional to the sum of the
two lower curves which would form the mirror image of the upper curve.
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Fig. 5. Rate constants of the rapid reactions plotted against pH. 4, k;, (A) and k,,
(@); B, ky; (M) and ks, (V).

Although the model can adequately account for the observed kinetics, it is
incomplete so long as it cannot explain the effect of pH on the reactions. In Fig. 5,
the various rate constants are plotted against pH. It is obvious that pH has little
influence on the constants k,, and k,,. This finding suggests that so far as the MR I
to MR II' transition is concerned, the model is correct, i.e. the first step may be
treated as a reversible first-order reaction.

The situation is different with respect to the second equilibrium. Here, the constant
k,, likewise shows little change with increasing pH. Two values of k3, i.e. at pH 94
and 9-8, are smaller than the average, but within most of the range k,; remains
remarkably constant. The fourth constant of the model, however, seems to depend
systematically on pH. From pH 7 to pH 9-8, ks, increases by a factor 10 or so, and
one might speculate whether a hydroxylion catalysisisinvolved when MR I1” reverts
to MR II’ (Emrich & Reich, 1974). On the other hand, the MR I-MR II transition
has long been known to be accompanied by a proton uptake (Falk & Fatt, 1966;
McConnell, Rafferty & Dilley, 1968; Ostroy, 1974). Therefore, modifications of the
model which can account for this observation should be considered.
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The pH-dependent equilibrium of the MR I-MR 11 transition

If one of the metarhodopsins (MR) behaves like a base and can take up a proton
according to

MR+ H*=MRH"*
then an equilibrium constant
! K = DIRH, )
[MR]eq[H*]

can be defined, where the subscript ‘eq’ indicates equilibrium concentrations of the
base (MR) and of the conjugate acid (MRH*). The equilibrium concentrations of the
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Fig. 6. Influence of pH on the equilibria of the rapid reactions. Equilibrium concentrations
of MR 1 (), MR II’ (+) and MR II” (x) are calculated from eqns. (A 1), (A 2) and (A 3)
with the parameters of Fig. 5. The curves represent eqn. (8) (lower continuous curve), eqn.
(9) (middle continuous curve), eqn. (10) plus egn. (11) (upper continuous curve), and eqn.
(11) (dotted curve).

three metarhodopsins considered in the preceding section are known and are plotted
as functions of pH in Fig. 6. Within the range covered, the ratio between [MR 1],
and [MR II'],, remains fairly constant, hence protons are not directly involved in
this reaction. Accordingly, the equilibrium constant may be defined as

_ (MR II"}eq _

K, = MR I]eq

0-56. 4)
The numerical figure is an estimate from the data in Fig. 5 (k;;/k,,).

One might now expect that MR II” and MR II” would behave like an acid—base
pair (Emrich & Reich, 1974). But they do not because if MR I1” were an acid of the
form MR II”H* it should release its proton at alkaline pH and, with increasing pH,
its concentration should approach zero. As this is not the case (see the asterisks in

12-2
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Fig. 6), MR I1” is probably not a homogeneous compound but represents that
presumed acid-base pair, i.e.

MR 11"+ H*=MR II"H*.

The establisment of this equilibrium is likely to be extremely rapid (Bell, 1959) and
would not be resolved by the recording system. It seems justified, therefore, to extend
the scheme of rapid reactions in the following way:

kl2 k23
MR I=MR II'=MR II"+ H*=MR II"H*,
k2l k32

where the rate constants of the reversible proton uptake are unknown. In addition
to the equilibrium constant K,, one can define

[MR 117]
- eq
K2 [MR -[I/]eq (5)
and
_ [MR I1I"H*]
Ky = [MR 11"],4[H*] (6)

for the second and third equilibria of the scheme. For the sum of concentrations, one
may write

[MR 1]+ [MR II']+ MR 11"+ [MR [I"H*] = 1. (7)

From eqns. (4), (5), (6) and (7) functions may be derived that illustrate the
dependence on pH of the various equilibrium concentrations:

[MR I]eq = 1/a (8)
(MR II']eq = K,/a 9)
(MR 11"], = K,K,/a (10)
MR 1I"H*]o = K,K,K,[H*|/a (11)
with a= 14K +KKy,+KKK[H"].

In Fig. 6, these functions are used to fit the data points. The following figures were
found to give an optimum fit (assessed by eye): K, =056, K, =13 and
K; = 5x108 mol™! 1. The extended scheme thus confirms that there are two meta-
rhodopsins II but that only one of them can rapidly take up or release a proton. The
observed dependence on pH of the equilibrium concentration of MR I (Fig. 3) is
indirect and is a consequence of the rapid equilibrium between the base MR 11” and
its conjugate acid.

The reciprocal of the equilibrium constant K, corresponds to a pK of about 87.
One must not expect, however, that this figure is represented by the turning point
of the function [MR II”"H*] = f(pH). The dotted curve in Fig. 6 suggests a pK at a
more acid pH but thisiserroneous and is due to the interaction of the proton-dependent
step with the other reversible reactions.

The four-parameter scheme used for the kinetic analysis is correct as long as
the concentration of MR II”H* is small and the simplification [MR I1”] =
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(IMR 11”14+ [MR II”"H*]) holds. At low pH, however, a substantial fraction of
MR I1"H* will be formed at the expense of MR I1”, and a systematic error will
influence the kinetic analysis. This is most obvious in the rate equation for MR I1”

d[MR 11”]

G = ~hnlMR I+ ky MR 11]. (12)

Here, the term k,;,] MR 117} is not only a function of time but also a function of pH.
According to the regression analysis, the rate constant k;, seems to be the
pH-dependent factor (cf. Fig. 5). This is an artifact, however, and is the consequence
of the above-mentioned simplification, which is no longer justified at low pH where
((MR 11”14 [MR I11”"H*)) is considerably larger than [MR I1”] alone. At pH 7'5, ks,
is presumably as large as it is at pH 94 but as the sum ([MR I1”]+[MR II"H*]) is
about 30 times larger than [MR 11”]alone (Fig. 6). k;, appears to be one decade smaller
than it really is.

Quantitative analysis of slow reactions

The slow decay reactions during the bleaching of rhodopsin start at the MR II
stage. MR 11 is hydrolysed to retinal and opsin (Matthews et al. 1963), and a fraction
of it may decay through MR I11. Reversal from MR 111 to MR 11 was discussed within
the framework of kinetic models (Baumann, 1972; Baumann & Reinheimer, 1973;
Ernst, Kemp & White, 1978) but until recently there was no direct evidence for this
reaction. Chabre & Breton (1979) have measured the linear dichroism of slowly
decaying rhodopsin intermediates and, from their results, an equilibrium between
MR II and MR III may be inferred. Alterations of pH can influence this equilibrium,
and a kinetic model must account for this effect.

A reaction of the type

MR 11+ H*=MR IIH*

is unlikely because this would be a rapid process whereas the reactions between
MR II and MR III following sudden changes of pH are slow and quite unlike a
quickly established acid—base equilibrium (Chabre & Breton, 1979). Accordinly, the
MR I1”"H* compound can be ruled out as a direct partner in a reversible reaction with
MR I1I.

For the further analysis the following model will be employed:

MR II1
kuH ky,
kl2 k23 ”
MR 1 MR II” MR I1

k2l k32
lkZS

RAL+ Opsin

where RAL denotes all-trans-retinal. The scheme ignores the fact that MR I1” can
take up protons (this is a simplification the sequels of which are considered below).
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An alternative scheme with an equilibrium between MR I1” and MR I1I was also
considered and gave similar results with respect to that equilibrium (so long as the
analysis was confined to experiments at high pH).

The above model requires that seven rate constants be found. Fortunately, the
constants k,,, k,, and k,; are all likely to be several orders of magnitude smaller than
the constants for the rapid reactions which therefore will not measurably be
influenced by the slow ones. The slow reactions, on the other hand, start at
concentration levels set by the rapid double equilibrium. The extremely different
magnitudes of the rate constants in the model lead to a system of stiff differential
equations. A possible way of estimating the rate constants would be to work out a
computer routine in which the integration of stiff equations is combined with a
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Fig. 7. Slow absorbance change at 475 nm wavelength. Data (*) are from the experiment
of Fig. 2. The upper curve represents eqn. (13). The two lower curves are relative
concentrations of MR 111 (with maximum) and MR I (decaying) derived from the above
model: the parameters are found in Figs. 5. 8 and 9.

least-squares procedure, i.e. the result of the numerical integration should be
compared with the experimental data and, by choosing suitable values of the various
ks, a sum-of-squares function should be minimized. To carry out the first step, an
integration routine for stiff equations (Gear’s method; cf. Hall & Watt, 1976, chapter
13) was used with values of ky,, ky;, kpy and k;, from the rapid reactions and with
preliminary estimates for ky,, k4, and ky;. The latter constants were then varied in
a trial-and-error manner until the error mean square was smaller than a previously
set value (5x 107%). The quality of fit that could be achieved by this method may
be assessed from Fig. 7.

The data for the quantitative analysis of slow reactions were taken from experiments
like the one shown in Fig. 2. Normalization was carried out again with respect to the
pre-flash level as 1 and the final base line as zero, and the function

Ayzs = (emr 1/€r) [MR 1]+ (eyr 111/€r) [MR I11] (13)

was used to fit the data (Baumann, 1978). The ratio eyg ;/€g is the same as in eqn.
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(1), and eyg 111/€r = 1'29 may be derived from the results of Chabre & Breton (1979)
and from the known absorbance spectrum of rhodopsin. In Fig. 7 the two lower curves
represent [MR I](t) and [MR III](¢), respectively: MR 111 starts at zero concentration
and reaches a maximum after about 6 min while MR I decays in two phases at
obviously different rates. These curves can be thought of as results of the numerical
integration but their actual mathematical form is simple. They are combinations of
two exponentials, and their exponents and coefficients may be taken from the results
of integration.

10" - @
" .
[ ]
a
-
L] ]
:_9_ 1072 |- s "
x
a
A
A a A L,
A a R
107 L A
L | | ]
7 8 9 10

pH

Fig. 8. Rate constants k,, (squares) and k,, (triangles) of the equilibrium reaction between
metarhodopsin II” and metarhodopsin 111 plotted vs. pH.

The reaction scheme was used to analyse ten experiments carried out in the range
of pH 7 to 9-8. On the more acid side of this range the presence of the protonated
compound MR II"H* cannot be ignored and, there, the scheme is no longer correct.
If it is nevertheless used, an apparent dependence on pH of one of the rate constants
results. The effect is seen in Fig. 8 where the rate constant k,, controlling the
formation of MR III is growing with decreasing pH. This growth, however, is not
genuine but is a consequence of the protonation of MR I1”. If a substantial fraction
of MR I1” exists as MR I1”H*, then the concentrations of both MR 11’ and or MR 11”
are low (Fig. 6). As the rate of formation of MR 111 is mainly dependent on the product
kyy[MR I1'], the abnormally high value of k,, compensates for the small figure of
[MR II’]. It must be added, however, that this artifact is of little significance if the
medium is alkaline. For pH > 9, similar results are obtained with all models in which
an equilibrium between MR I1II and one of the MR 11 compounds is considered. The
rate constant for the formation of MR 111 (k,, or k,) is on the average 16 x 1072 571,
the rate constant for the reversal of this reaction (k,, or k,;) is 1:8 x 1073 571, and the

equilibrium constant _ MR IMeq _ kyy

- g _ 14
MR g e 1)

K,

is at least 9. This fairly high value accounts for the observations of Bowmaker (1973)
and of Chabre & Breton (1979) that even at pH 5 a measurable fraction of MR 111
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may be seen. The dependence on pH of [MR IlI],, may be computed with the aid
of

K, K,

[MR 1Teq = 7 +K +K K,+K, K, +K, K, K,[H"]

(15)
which obtains if all metarhodopsins are in equilibrium with each other.
The decay reactions of the metarhodopsins end with the hydrolysis to retinal and

opsin. In the scheme, this hydrolysis is associated with the MR 11" compound (though
hydrolysis of MR I1” is also conceivable). The hypothesis that MR III is split by

107! ’—

10»2 b

k(s™")

1073 L ] 1 | ]
7 8 9 10
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Fig. 9. Rate constant (k,;) of the hydrolysis of metarhodopsin 11" vs. pH. The regression
line suggests a slight increase with decreasing pH.

hydrolysis (in an equilibrium model) was considered and rejected in an earlier study
(Baumann, 1972). In Fig. 9, the rate constant of the hydrolysis (k,;) is plotted as a
function of pH. An effect of pH upon this constant is not very obvious and the data
scatter around a mean value of 1:3 x 1072 s71. However, the regression line suggests
a slight tendency of increase with decreasing pH. This would be in line with a general
rule for the hydrolysis of Schiff base linkages, viz., the reaction is acid-catalysed.

DISCUSSION

The kinetic schemes in the present analysis are appropriate to a homogeneous
system. A suspension of membrane vesicles, however, consists of two compartments,
the spaces inside and outside the vesicles. This is of relevance if protons from the
surroundings bind to one of the metarhodopsins in the membrane. It is conceivable
that a major fraction of reactive sites faces the inner surface of the vesicles and that
the number of protons available from the interior of the vesicles is too small to allow
for the complete protonation of MR I1”. If, in addition, the vesicle membrane were
weakly permeable (or impermeable) to protons, then a complicated two-compartment
analysis would be required. The real situation, however, seems to be less unfavourable.
The membrane vesicles for the present study were prepared from rod outer segments
by sonication. The membrane sidedness in these vesicles may be assumed to be almost
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homogeneous and the same as in intact disks (Adams, Tanaka & Shichi, 1978;
Nakano, Ikai, Nishigai & Noda, 1979; see also Hubbell, Fung, Hong & Chen, 1977).
As regards the groups involved in the proton uptake, one would preferably consider
groups with an appropriate pK and with an intramolecular location favourable for
an exchange of protons with the surroundings. Sulphhydryl groups meet both
conditions. their pK (8-9) corresponds to the one found in this study (8-7) and they
are situated in a part of the rhodopsin molecule that projects out of the cytoplasmic
surface of the disk membrane (Hubbell & Bownds, 1979). If the formation of MR I1”
is associated with the exposure of a sulphydryl group to the cytoplasm (buffer), a
free and rapid exchange of protons could occur.

The reactions of the metarhodopsins have been analysed over a pH range from 7
to 9-8. No spectroscopic changes could be measured at pH > 10. Although this
observation was not systematically investigated, it may be assumed that frog
rhodopsin is not stable at pH > 10 (cf. Radding & Wals, 1956). At acid pH values
(< 7) a relatively stable intermediate interferes with the quantitative analysis. This
intermediate is presumably N-retinylidene-opsing, (NRO,,). It is formed more
slowly than MR III and its absorbance at 475 nm is superimposed upon that of
MR III. Owing to the very slow decay of NRO,,, a final stable level of absorbance
was not reached within a reasonable time span, and the experiments at pH 5 and 6
were terminated before a zero line as described in the first part of the Results section
could be defined. Therefore, the equilibrium concentration of MR I was unknown,
and this rendered the quantitative analysis unachievable. Even in the absence of
NRO,,, the quantitative analysis would have been difficult. The equilibrium con-
centrations of MR I at the more acid pH become very small and cannot be determined
with sufficient accuracy. The intracellular pH of intact frog rods is unknown. It may
be close to pH 7 although frog blood (and presumably the extracellular medium
around the rods) is fairly alkaline, i.e. 7-9 at 15°C (Rahn, 1966). If protons are
distributed according to the Donnan equilibrium, then a presumed membrane
potential of —40 mV gives rise to a pH difference of 0-7 units and the intracellular
pH would be 7-2. For frog metarhodopsin, pH 7-2 is on the more acid side of the
titration curve (Fig. 6) where most of MR II is encountered as a protonated
compound.

According to the present results, there are four metarhodopsins which can all react
with one another within the framework of coupled reversible reactions. One of the
metarhodopsins I1I exists in two forms, (i) as the deprotonated MR I1” and (ii) as the
protonated MR II"H+. The rapid equilibrium between these two compounds provides
the common basis of all pH effects observed in this study. The reaction scheme is
complex but, in a way, it is merely an assemblage of earlier findings. In previous
kinetic studies, simultaneous first-order reactions were used to describe the conversion
of MR I to MR II, and two (frog rhodopsin) or three (bovine rhodopsin) rate constants
were extracted from the data (Wulff, Adams, Linschitz & Abrahamson, 1958; Falk
& Fatt, 1966). On the other hand, Matthews et al. (1963) worked out the details of
an equilibrium between MR I and MR II. If the two types of results are to be
reconciled with one another, a kinetic model involving a double (or triple) equilibrium
is adequate. It can predict the MR I decay as a sum of exponentials (eqn. A 1), and
equilibrium concentrations can be taken into account. In an earlier kinetic study of
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slow reactions (Baumann, 1972) a model with parallel pathways of MR II decay was
preferred over an equilibrium model which, though confined to the slow reactions,
was a predecessor of the present scheme. The data of Chabre & Breton (1979) now
clearly support the equilibrium model, and the pH effects associated with the
MR II-MR III reaction (see also Bowmaker, 1973) neatly fit the results of the present
analysis.

The MR I-MR I1 transition is usually considered to involve sizeable conformational
rearrangements of opsin (Kropf, 1972). According to the present analysis, the
transition proceeds in two steps. The first one, MR I to MR II’, is accompanied by
a large hypsochromic shift (AA,;, & 100 nm) but is not influenced by the external
pH (Fig. 5). This means that although the interaction between the chromophore and
the opsin changes rather dramatically, this change is an intramolecular event and
is not dependent on the pH of the environment. The second step, MR II" to MR I1”,
is isochromic and implies the exposure of a titratable group. Therefore, MR I1” is
encountered either as a protonated (MR II"H*) or as a deprotonated (MR II”)
compound. The acid—-base reaction seems to occur in a more peripheral part of the
molecule where protons can freely be exchanged with the surroundings. From there,
the influence upon the chromophore is apparently too weak to induce a noticeable
spectral shift. On the whole, the MR I to MR II transition may be interpreted as a
two-step unfolding of the opsin in which the first change involves the closer
environment of the chromophore whereas the second step merely occurs in the
periphery of the molecule and at a greater distance from the chromophoric site. The
slow formation of MR III could be a partial refolding from the MR II’ stage to a rather
stable conformation which, so far as the absorbance spectrum is concerned, resembles
MR I. Donner & Hemild (1975) observed that little or no MR III is detected if the
fraction of rhodopsin bleached is substantially smaller than in the present study. The
reaction scheme used here does not provide an explanation for the absence of MR III
following very small bleaches. However, the problem is confined to one step, i.e. the
hydrolysis of MR II". If this reaction is assumed to become more rapid at lower
concentration levels, then less MR III would be accumulated. One might postulate
that an enzyme is involved in the hydrolysis of MR II'. The enzyme would be efficient
at low bleaching levels but would be saturated or inhibited (or both) after substantial
bleaches. There is no evidence for the existence of such an enzyme but the question
should be considered in future investigations.

APPENDIX

Kinetic equations for the rapid reactions. With the initial conditions MR I =1,
MR I’ = MR II” = 0 at t = 0, the equations read

MR I = ky, kyy/8, 8,—m, exp(—8,t) —m,exp(—s,t) (A1)
MR Il = ky, kyy /8, 85— 1, €Xp(— 8, t) — 1y eXp(— 8, ) (A 2)
MR I1” = 1— (MR I+ MR II'), (A3)
where s, = —x,, s, = —x, and z,,, are the roots of the equation

22+ 2 (kg + kgy + Koy + kag) + (kyp kg + kg kyg + kg ksp) = 0.
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In addition,
_ 83— 8y (kay + oz + kap) + kyy gy

=
I

81(82—81) '

Mo = 85— 8y(kay + kg + kgp) + kyy gy

: 85(81—85) ,
_ kyg(ksy—y)
"= 8y(8g—s8;)
_ kyo(kyy—s,)
"2 T Sp(81—8g)
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